ABSTRACT: In order to explore the relationship between the impact of detection probe and human contact pressure on its imaging result in the electrical impedance scanning techniques of breast, there is a need to design a set of device to extract pressure signal on EIS detection probe and transmit to the host in a long distance. The design uses Wheatstone full-bridge converter based on the resistance-type strain gauge as an extraction method for the pressure signal. After pre-amplification processing of the extracted signals, the voltage signal is converted into 4-20mA of current signal for long-line transmission via XTR106 chip. By the use of digital potentiometer chip replacing the adjustable resistance in the circuit, and by virtue of MCU chip and ADC chip, the system is characterized by automatic zero set of the full-bridge converter of sensor and adaptive control of amplifier circuit gain, thus realizing high-precision measurement and transmission of pressure signal at four locations of detection probes. The simulation and actual measurement results show that, after the automatic "zero set" operation, the output error of the system is less than ± 0.5%; the amplifier gain is within an adjustable range of 75-500, so that the full-scale output error of the system is less than ± 1%. The test results verify the reliability and validity of the system.
INTRODUCTION
As a new type of breast detection method, the electrical impedance scanning (EIS) technique of breast has low-cost, non-invasive, easy-to-operate and other advantages, which has a better development prospect in the female breast screening [1] [2] . Its basic principle is as follows, the impressed current or voltage field uniformly distributed within the organization distorts due to local variation of the organization, through applying a small electric excitation in the tested area, and then the corresponding current or voltage response signals are measured according to the features of electric field distribution within the organization of the tested area, and multi-frequency measurement data are used for imaging [3] [4] [5] . The latest generation of EIS testing equipment researched and developed by the research group adopts the driving pattern under the excitation of a single voltage source and detection mode of flat electrode array (8 × 8) ; the current signal on each detection electrode unit is tested by the current-to-voltage switching circuit [6] ; then the imaging process is given to the measurement data under multiple frequency points. The imaging results are mapped to the internal electrical impedance distribution in the tested area. Currently, the device has entered the stage of clinical research, and achieved good results. However, in clinical research, there are also some new problems. For example, for detection of the same region of interest, the imaging results obtained by different operators or the imaging results obtained by the same operator after several measurements may have a certain bias, and affect the repeatability of device imaging to a certain extent. This paper carries out the relevant analysis and research of the above issues. The relevant clinical experiments show that, EIS detection probe of breast and human contact conditions have an important impact on its imaging results. In order to make a quantitative research of the influence degree, there is a need to design a set of device to extract pressure signal on EIS detection probe and transmit to the host in a long distance.
In industry, the measurement of pressure signal is very common, and there are various kinds of meas-urement methods, and there is a need to use the appropriate pressure sensor. The resistance-type strain gauge is the most common form, and its principle is to convert the pressure signal into a variation of sensor resistance, and then calculate the corresponding pressure value through detection of the resistance variation [7, 8] . Wheatstone full-bridge converter is a kind of circuit that can accurately measure resistance. Therefore, Wheatstone full-bridge converter based on the resistance-type strain gauge is a kind of pressure signal measurement method commonly used in industry. However, the sensor is susceptible to ambient temperature and generating temperature drift, resulting in the increase of zero output of the full-bridge converter, thus affecting the measurement accuracy of the circuit [9, 10] . Therefore, before measurement, there is a need of "zero set" operation for the full-bridge converter.
In addition, because the output voltage signal of Wheatstone full-bridge converter is relatively weak, if it is directly transmitted from the detection probe to the host (usually the distance is greater than 2 meters), the following problems may produce: first, the transmission signal may be interfered with serious noise due to its weak voltage signal; second, the resistance of the transmission line will produce a voltage drop and further attenuate the measurement signal. To solve the above problems, the voltage signal can be converted into current signal for long-distance transmission, because the current signal is not sensitive to noise. In industry, the most commonly used switching circuit is 4 ~ 20mA of current transmitter, and its output of 4mA is corresponding to the input voltage signal of zero, and output of 20mA reaches full-scale voltage signal. Meanwhile, taking into account the space limitation of EIS detection probe, the current transmitter chip with a better integration (such as TI's XTR106) is used to achieve the conversion from the voltage signal to current signal.
OVERALL DESIGN OF SYSTEM

Overall analysis
The purpose of the research is to design a set of device system that can extract pressure signal of EIS detection probe and human contact and carry out longdistance transmission.
The system is required to achieving the following specific functions: (1) be capable of accurately extract pressure signals on four plane corners of the detection probe; (2) be capable of converting the pressure signal at four locations into current signal and transmission. That is, it includes two main processes -extraction of pressure signal and signal transmission.
Overall design ideas
Combined with the above analysis, this paper decides to use Wheatstone full-bridge converter based on the resistance-type strain gauge to complete the extraction process of pressure signal; the current transmitter chip can be used to convert the voltage signal output by the full-bridge converter into current signal to complete the signal transmission process.
Since the system is required to extracting and transmitting pressure signals at four locations, if every route of pressure signal uses a set of independent transmission circuit, it will cause a certain waste of resources, and will be difficult to guarantee the consistency of the performance of four sets of circuit. Thus, they are respectively fixed on four corners of detection probes by the use of four full-bridge pressure sensors, thus realizing the extraction of four pressure signals; then four sensors are sequentially switched to the system circuit through the analog switch chip.
In addition, since four pressure signals are respectively generated from four pressure sensors, that is, four sets of independent full-bridge converter. Taking into account the cost of design, four full-bridge converters will share a common "zero set" circuit. In order to ensure the extraction accuracy of the pressure signal, after sensors switching, there is a need of zero set for the full-bridge converter. Therefore, the system should also have the function of automatic zero set for the full-bridge converter of the sensor. In addition, in order to make a quantitative research of the impact of EIS detection probe and human contact conditions on its imaging result, the system is required to extracting a wider range of pressure signal in subsequent applications; when the pressure signal is small, it will reduce the conversion accuracy of the current transmitter, thus affecting the performance of the system. In order to ensure that the current transmitter always has high conversion accuracy, the system is added with a pre-amplifier circuit with an adjustable gain in front of the signal transmission circuit, and the adjustment process of the circuit gain is called as "full-scale" adjustment operation. The overall design structure diagram is shown in Figure 1 . The overall workflow of the system is as follows: first, MCU unit control completes the selection of signal path and switches the measured pressure signal to the system circuit; then, the pressure signal is converted into the voltage signal after signal extraction circuit, and then amplified through the pre-amplifier circuit; finally, it is converted into current signal through the transmission circuit and carries out long-distance transmission. In addition, MCU unit can also achieve zero set of the full-bridge converter (sensor) through controlling the automatic zero set circuit; meanwhile, the gain of the pre-amplifier circuit can be changed according to the practical application needs to achieve "full-scale adjustment" function.
SPECIFIC MODULE DESIGN
The specific design can be done combined with the above analysis. After selection of a single sensor, the operating principle of the whole system is shown in Figure 2 . In this system, the selected pressure sensor itself is a Wheatstone full-bridge converter (replaced by R1, R2, R3 and R4 resistor network in the diagram). In operation, the power of four sensors is supplied by the same voltage source (V + and V-) in time sharing; A, B, C and D nodes are controlled by the analog switch, which are respectively switched in V +, V-, S + and Ssignal lines of the selected sensor. Vs + and Vs-are provided by the host for the power supply for the entire system, which are also the transmission lines of the current signal generated by the current transmitter. S1 and S2 are data lines used for information exchanges between EIS host and MCU unit. The dotted lines in Figure 2 are the zero set modules of the full-bridge converter, which use two-stage regulating circuit, R5, R6 and Rw1 to constitute a "zero course tuning" circuit, and use R7, R8 and Rw2 to constitute a "zero fine tuning" circuit; in order to achieve the automatic zero set function of the system, Rw1 and Rw2 are replaced by two digital potentiometers. Ro is a precision resistance, which is installed in serious of the output circuit of the current transmitter to monitor the current signal transmitted.
The working principle of the system is as follows: firstly, MCU unit switches the selected sensor to the system circuit through controlling the analog switch chip according to the EIS host command; then, MCU unit carries out automatic zero set of the full-bridge converter of the sensor through controlling the "zero set" circuit; secondly, the pressure signal is converted into the voltage signal through extraction of the circuit, and then amplified by the pre-amplifier circuit; then, the amplified voltage signal is converted into the corresponding current signal by 4-20mA of the current transmitter; finally, it is transmitted to EIS host via wires, and then processed after demodulation.
The realization principle of "automatic zero set" function is as follows: when a sensor is selected and the pressure is 0, MCU unit controls AD module and calculates the real-time output current value of the current transmitter through monitoring the voltage values at both sides of Ro, and two digital potentiometers on the "zero set" circuit of the bridge are constantly adjusted to make the zero output of the bridge closest to 0, that is, to make the output of current transmitter closest to 4mA. Meanwhile, the gliding slab location of two digital potentiometers can be saved as a "zero set" parameter of the sensor.
The realization principle of "full-scale" adjustment function is as follows: when the operator brings EIS detection probe into contact with the tested subject, and reaches the maximum degree of contact, which is believed that it reaches the "full-scale" value of pressure signal of the tested subject; then, through adjustment of the pre-amplifier circuit gain, the system can make the output value of the current transmitter closest to 20mA. Meanwhile, the gain value is saved.
The full-bridge converter of four sensors shares a common "zero set" circuit. In actual operation, after every signal channel switching, there is a need of "zero set of bridge circuit" for the selected sensors. To save time and simplify the operation process, before the system operation, there is a need of initialization of parameters, including "zero set" parameters and "full scale" adjustment parameters of four sensors. The former refers to the position of slip sheet of two digital potentiometers in the zero set circuit after "zero set" operation of the sensors; the latter refers to the gain of pre-amplifier circuit after execution of "full-scale" adjustment operation. In actual operation, MCU unit reads the "zero set" parameters of the sensor, or the "full scale" adjustment parameters of the tested object. There is only a need to set the corresponding parameters of the circuit according to the needs. This paper will illustrate the specific design of several main modules.
Pressure signal extraction module
The main function of this module is to extract the pressure signals at four corners of EIS detection probe, and convert into DC voltage signal.
In order to achieve the extraction of four pressure signals, this module uses four "4-to-1" analog switches to control and sequentially switch four pressure sensors to the circuit, and its control principle is shown in Figure 3 . The diagram shows how to use two analog switch chips for switching control of S + and S-signals of four sensors, and its principle is similar to the control principle of two V + and V-power circuits, which is not shown in the diagram. The selected pressure sensor is a small circular alloy steel force transducer EVT-14D-2Kg of Shanghai Youran Sensor Technology Co., Ltd., as shown in Figure 4 (a). Its interior contains a Wheatstone full-bridge converter composed by the resistance strain gauge, with zero resistance of 350Ω, range of 2kg, sensitivity of 2.0mV / V, and zero output of ± 0.2 mV / V.
The analog switch uses TI's TS3A5017 chips, and its interior is integrated with two single-pole four-position (SP4T) analog switch modules, with low on-resistance, low power consumption and other features.
Before use, there is a need to first fix the sensor. As shown in Figure 4 (b) , the electrode array can be separated from EIS detection probe, and both of them are connected with two plugs. After installation, there is a gap between them, and then four pressure sensors are placed therein, and fixed at four positions shown in Figure 4 (b) . In the operation of four sensors, namely, four full-bridge converters, MCU unit controls over and switches four analog switches via two digital control signal lines S1 and S2, and switch four ports of V +, V-, S + and S-of the selected sensor in the system circuit.
4-20mA of current transmitter module
The main function of this module is to convert the effective DC voltage signal in the circuit into DC current signal, in order to facilitate the achievement of long-distance transmission. The integrated current transmitter is also known as the current loop circuit. Among them, 4-20mA is a transmission protocol commonly used in industry, which can be connected with 250 ohm of resistance in series via the receiving terminal of the transmission line and converted into 1-5V of DC voltage signal, in order to facilitate far-end measurement.
In the design, 4-20mA of current transmitter adopts TI's XTR106 chips, with the following main features [11, 12] : (1) High precision and low-temperature drift; (2) Two-wire transmission mode, series-wound power supply, load resistance and transmitter, and its working power supply and signal share a common wire, and the working power supply is provided by the receiving terminal; and it has a wider range of supply voltage: 7.5V-36V; (3) It provides two precise reference voltage sources (2.5V and 5V), with a precision of 0.05%; it supplies power for the peripheral circuit; however, the total load current is not greater than 2.5mA. If more than 2.5mA, it will affect 4mA of zero output current; therefore, in design, there is a need to strictly control the load current of its peripheral module; (4) The output accuracy increases with the increase of the input signal VIN. Thus, in order to improve the conversion accuracy, there is a need to amplify the input signal as much as possible.
(5) In addition, another big advantage is the correction of the nonlinear error of the full-bridge converter through the peripheral circuit. Figure 5 shows the specific circuit design of the module. This design uses 2.5V of reference voltage provided by XTR106 for power supply for the fullbridge converter and amplification circuit; among them, V+ and V-are activated ends of Wheatstone full-bridge converter, while S+ and S-are output ends; in order to reduce the current consumption of fullbridge converter, the excited ends of the full-bridge converter are connected with two 1.5kΩ resistors R9, R10 in series for partial pressure. At this time, the static operating voltage of a single full-bridge converter is about 750mV. I is the output current of the current transmitter, an arrow is the current direction, and the current magnitude meets the equation:
Where, RG=120Ω，namely,
Pre-amplifier circuit and "full scale" adjustment
The main function of pre-amplifier circuit is to amplify the weak output signal of the full-bridge converter, and then transmit to the current transmitter module, in order to improve the conversion accuracy of the current transmitter module. At the same time, through adjustment of circuit gain, it can ensure that the output of current transmitter is equal to or close to 20mA when the full-bridge converter sets up the full scale. Based on the above analysis, the circuit is designed as shown in Figure 6 . Among them, two resistance networks of R11, R12 and RW3，R13, R14 and RW4 can be equivalent to a resistance with an adjustable resistance value, which can be used for adjusting the gain. OPA2335 is characterized by low power consumption (570μA), low offset voltage (1μV), and low bias current (70pA), which meets the design need of amplifying weak signals. RW3 and RW4 are replaced by the digital potentiometer (MAX5489), in order to achieve automatic adjustment.
MAX5489 is a type of chip, with nominal of 100kΩ and 256 adjusting gears, integrated with two digital potentiometer modules; it has advantages of low power consumption (quiescent current of 0.5μA) and nonvolatility of the position of slip sheet. The circuit gain can be changed through changing the position of slip sheet of RW3 and RW4, in order to achieve the purpose of full-scale adjustment. The sensitivity of selected sensor (full-bridge converter) is 2.0mV / V. That is, when the pressure reaches full scale of 2kg, under 1V of power supply, the maximum output of the bridge circuit is 2.0 mV. After calculation, if the full-bridge converter is under 250mV of power supply, its maximum output is 0.5mV. According to equation (3), when the output current of current transmitter is 20mA, its input VIN (namely, VIN+-VIN-) should be 48mV. Therefore, in order to make the sensor force reaches full scale, and the output of current transmitter is 20mA, the pre-amplifier circuit gain is above 96. In practical application, in order to ensure that that the system still remains a higher conversion accuracy when the system has a smaller sensor force (much smaller than the "full-scale" pressure), the upper limit of the circuit gain should be designed wider. For example, if the gain is set between 80 and 500, after calculation, the matched resistance should be:
In subsequent applications, the matched resistance can be replaced according to the actual needs, thus achieving the adjustment of the range of the amplifier circuit.
"Zero set" module of bridge circuit
The so-called "zero set" of bridge circuit refers to, when the sensor pressure is zero, the output of the full-bridge converter is zero through adjustment of "zero set" circuit. Its principle is: to use the "zero set" way shown in the circuit of Figure 1 , and connect with a precise resistance at the output terminal of the current transmitter in series (RO in Figure 2 , 50Ω, accuracy is five thousandths). The voltage value of this resistance can be used to reflect the output current value of the system; through adjustment of RW1 and RW2, the voltage value at both sides of the resistance is the closest to 200mV. That is, the output current is the closest to 4mA. 5 6 7 8 75 , 150
RW1 and RW2 are replaced by the digital potentiometer (MAX5488), in order to achieve automatic zero set. MAX5488 is a type of chip, with nominal of 50kΩ and 256 adjusting gears, integrated with two digital potentiometer modules; it has advantages of low power consumption (quiescent current of 0.5μA) and nonvolatility of the position of slip sheet. The information provided by the manufacturer indicates that the zero output of the sensor is ± 0.2 mV / V. Thus, when a full-bridge converter is under 250mV of power supply, zero output of the sensor is ± 0.05mV. In the design, as a precaution, the adjustable range of "zero set" circuit becomes wider. Through calculation, for "coarse tuning" module comprised by R5, R6 and RW1, its adjustable range for the output of bridge circuit is ± 0.1mV, and adjusting accuracy is1.9μV; for fine tuning" module comprised by R7, R8 and RW2, its adjustable range for the output of bridge circuit is ± 1.9μV, and the adjustment accuracy is 0.04μV. Theoretically, through adjustment, zero output error of the full-bridge converter can be controlled within 0.04μV; assuming that the pre-amplifier circuit gain is up to 500, the minimum zero input error in front of the current transmitter can be controlled with 20μV, and the zero output of the current transmitter is 4 ± 0.007mA, and the voltage at RO can be accurate to 200 ± 0.35mV. Therefore, theoretically, zero set accuracy can be within 0.18%. In fact, because the performance of the device is not at the ideal state, the actual zero output error will be slightly larger than the theoretical value.
MCU module
The main function of MCU module is: to achieve overall control of the circuit, and automatically complete "zero set" and "full scale" adjustment function. It selects TI's MSP430F1132 chip, and chip's 8kB Flash, with low power consumption, low cost and other advantages.
The system uses two keys (S1 and S2), and two indicator lights (LED1and LED2) as "human-machine interaction" interface. In the power-up initial state, MCU is in low power consumption mode, and S1 and S2 are in the "locked" state, LED1and LED2 are off, in order to prevent improper operation due to touching keys inadvertently; after unlocking, if there is not any operation after more than 30 seconds, the system enters into the "locked" state again, and enters a low power consumption mode.
SYSTEM TEST AND RESULT ANALYSIS
Test of automatic "zero set" module
Test objective: zero set for the full-bridge converter (sensor) is to ensure the measurement accuracy of the system. Through the test, after accurate understanding of the system implementation of the automatic "zero set" operation, the system outputs the range of current error, and verifies whether the module meets the design needs.
Test conditions: 12V DC voltage source is used for power supply for the system at room temperature of 27℃; the sensor is fixed on EIS detection probe and the electrode array is separated from the detection probe, in order to avoid the gravity of the electrode array being applied to the sensor. Among them, the parameters of "zero set" circuit of bridge circuit are: 5 6 7 8 75 , 150
The nominal value of RW1and RW2 of the digital potentiometer is 50kΩ.
Test process: the first step is the test program for MCU programming, and the sensor channel switching mode will be changed from automatic switch to manual switch; the second step, to select a sensor channel to perform automatic "zero set" operation, and measure the voltage UR0 at both ends of RO, and repeat 10 times of operation and measurement; the third step, to manually switch the sensor channel, and repeat the operation of the second step, and complete the test of other three sensor channels.
Theoretically, after completion of "zero set" operation, the output current of the system should be 4mA, so the voltage at both ends of RO should be 200mV, namely 
The test results are shown in Table 1 : Table 1 . Zero output error of the system after implementation of automatic "zero set" operation of four sensors. Table 1 , the mean absolute error refers to averaging the absolute value of the output error after 10 times of measurement. The analysis data indicates that, under the test conditions, after the implementation of automatic "zero set" operation, the output error of the system is within ± 1%, and the average absolute error is close to 0.5%.
Test number
The test finds that, after the implementation of "zero set" operation, the zero set accuracy measured in the system is less than the theoretical accuracy. After analysis, the reasons may be as follows: (1) AD chips used are 12 bits, the reference voltage is 2.5V, and its conversion accuracy is about 0.6mV, less than the designed theoretical accuracy of 0.27mV; (2) the digital potentiometer itself has error, which will affect the adjustment accuracy of the entire "zero set" circuit in the actual circuit.
Test of "full scale" adjustment module
Test objective: When EIS detection probe and the tested contact pressure change within a wider range, in order to ensure that the system always has a larger output current signal (not more than 20mA), thus ensuring the conversion accuracy of the system; therefore, there is a need to properly adjust the pre-amplifier circuit gain, namely, "full scale" adjustment. The test shows the corresponding pressure range of the system in "full scale" adjustment, and the output error of system after "full scale" adjustment.
Test conditions: 12V DC voltage source is used for power supply for the system at room temperature of 27°C; the sensor is attached to the electrode plane of EIS detection probe. The parameters of the pre-amplifier circuit are:
In addition, the nominal value of RW3 and RW4 of digital potentiometer is 100kΩ.
Test process: the first step, to use a resistance network to replace the full-bridge converter, and obtain a set of precise DC voltage signal by way of resistance divider, in order to simulate the output signal of full-bridge converter, and also deem as the input signal of pre-amplifier circuit; the second step, to set an analog voltage signal, and then perform "full scale" adjustment operation, and measure the voltage UR0 at both ends of RO, repeat 10 times of measurement and record data; the third step, to change the analog voltage signal value, and repeat the operation of second step.
Theoretically, after completion of "full scale" adjustment operation, the output current of the system should be 20mA. The equation (3) shows that the input voltage of the current transmitter should be 48mV, namely 
Then, when each analog voltage is calculated according to the equation (13), the mean absolute error of full scale output of the system ε. 
A total of 10 sets of analog voltage signals are tested, and the test results are shown in Table 2 . In the Table, the measured value of UR0 in the third column refers to the mean value of measurement results of repeating 10 times of operation after setting an analog voltage signal. The fourth column is to average the absolute value of full scale output error after 10 times of repeat measurement. EIS imaging technology of breast is a kind of valid means of early-stage breast cancer screening. The research of the impact of EIS detection probe and human contact pressure on its imaging is a very important job. In view of the special structure of EIS detection probe, the commercially available signal pickup device is unable to be used directly. This paper presents a type of design based on the analog switch control for time-share measurement of pressure signals at four positions and eventually conversion into current signal for long-distance transmission. The design solves problems of extraction, transmission and measurement of pressure signals at four locations on the detection probe. Moreover, after test, the system has a higher accuracy and meets the actual demand. In addition, the system can also apply to other applications. Only according to the actual needs, the replacement of the resistance value of the resistance network of bridge circuit sensor and "zero set" module and "full scale adjustment" module is able to meet the required application environment.
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